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Cinnamyl alcohol dehydrogenase is a zinc- and NADPH-dependent dehydrogenase catalyzing the
reversible conversion of p-hydroxycinnamaldehydes to their corresponding hydroxycinnamyl
alcohols. A CAD homolog from Helicobacter pylori (HpCAD) possesses broad substrate speciﬁcities
like the plant CADs and additionally a dismutation activity converting benzaldehyde to benzyl
alcohol and benzoic acid. We have determined the crystal structure of HpCAD complexed with
NADP(H) at 2.18 Å resolution to get a better understanding of this class of CAD outside of plants.
The structure of HpCAD is highly homologous to the sinapyl alcohol dehydrogenase and the plant
CAD with well-conserved residues involved in catalysis and zinc binding. However, the NADP(H)
binding mode of the HpCAD has been found to be signiﬁcantly different from those of plant
CADs.
Structured summary of protein interactions:
HpCAD and HpCAD bind by x-ray crystallography (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cinnamyl alcohol dehydrogenases (CAD; EC 1.1.1.195) are
NADPH- and Zn2+-dependent enzymes and belong to the superfam-
ily of medium-chain dehydrogenases [1]. In plants, CAD is a key
enzyme in lignin biosynthesis involved in the ﬁnal step of the
monolignol synthesis, catalyzing the reversible conversion of
p-hydroxycinnamaldehydes into the corresponding alcohols using
NADPH as coenzyme [2–5]. However, some members of the plant
CAD family appear to have different enzymatic activities not related
to lignin biosynthesis but involved in plant disease resistance and
possibly in the response to pathogen attacks [6,7]. Outside of plants,
CADs seem to be not required for biosynthesis of lignin although
they have high sequence homologies with the plant CADs. The roles
of CADs in bacteria and yeasts are less well characterized. The CADs
present inMycobacterium bovis BCG and in Saccharomyces cerevisiaechemical Societies. Published by E
biology, School of Medicine,
blic of Korea.appear to be involved in lipid metabolism within the cell envelope
and the Erlich pathway, respectively [8,9].
Helicobacter pylori, a human pathogen infecting the gastric mucosa
and causing an inﬂammatory process leading to gastritis, ulceration
and cancer [10,11], carries a single CAD gene encoding a CAD homo-
log protein (HpCAD) with 3042% amino acid sequence identity to
the plant CADs. Interestingly, alcohol dehydrogenases (ADHs)
contribute to the pathogenicity of H. pylori by metabolizing dietary
alcohols to form toxic aldehydes, which interact with the gastric mu-
cosa to cause inﬂammation [10,12,13]. The HpCAD carries a speciﬁc
activity of dismutating benzaldehyde to form benzyl alcohol and
benzoic acid in addition to the well-known enzymatic activities of
the cinnamyl alcohol dehydrogenase [14]. To date, several three
dimensional structures of CAD/SAD have been determined [15–17],
but a bacterial CAD structure has not yet been reported.
Here, we present the ﬁrst bacterial CAD structure from H. pylori
determined in complex with NADP(H) at 2.18 Å resolution. The
overall structure of HpCAD is similar to Arabidopsis CAD5 and
Aspen SAD structures. But signiﬁcant structural differences were
observed around the NADP(H)-binding pocket, causing anlsevier B.V. All rights reserved.
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the ribose ring, which is not found in other CAD structures. Fur-
thermore, the binding modes of aromatic substrates in the sub-
strate binding site of HpCAD were investigated by docking
calculations.
2. Materials and methods
2.1. Expression and puriﬁcation of HpCAD protein
The gene encoding the HpCAD (1044 bp) was ampliﬁed from
H. pylori genomic DNA using forward primer 50-GCGCATATGATGA-
GAGTTCAATCTAAAGG and the reverse primer 50-GCGGAATT
CTTAATCAACGATTTTTCATA (NdeI and BamHI sites are underlined).
PCR conditions were: 1  94 C for 5 min; 35  94 C for 30 sec,
55 C for 40 s, 72 C for 30 s, 72 C for 10 min. After restriction
digestion, the gene was ligated into a pET-15b vector (Novagen,
Madison, WI, USA) and transformed into DH5a competent cells.
Correct clones were identiﬁed and veriﬁed by PCR, restriction
digestion with NdeI and BamHI and DNA sequencing with T7 for-
ward and T7 terminal reverse primers. The expression plasmid
was constructed for the recombinant HpCAD to carry a His-tag
and a thrombin site at the N-terminus. The plasmid was trans-
formed into an Escherichia coli strain Rosseta™(DE3)pLysS (Nova-
gen) for protein expression. A 10 ml aliquot of an overnight
culture was seeded into 1000 ml of fresh LB (Luria–Bretani) med-
ium containing 50 mg/ml ampicillin and cells were grown to
OD600 nm of 0.6 at 37 C. The cells were cooled down in ice for
30 min and protein expression was induced for 5 h with 0.4 mM
isopropyl b-D-1-thiogalactopyranoside (IPTG) at 30 C. The cells
were harvested by centrifugation at 6000 rpm for 6 min at 4 C.
The harvested cells were washed twice in phosphate-buffered sal-
ine. The cell pellet was used directly for puriﬁcation or stored at
80 C until use.
The cell pelletwas suspended in binding buffer (50 mMNaH2PO4
pH 8.0, 500 mM NaCl, 5 mM imidazole and 5 mM b-mercap-
toethanol) and cells were disrupted by sonication. After centrifuga-
tion at 15000 rpm for 1 h, the clear supernatant was collected,
ﬁltered (Qualitative ﬁlter paper, Advantec, Japan) and applied onto
a column of Nickel Sepharose 6 Fast Flow (GE Healthcare, Sweden)
beads pre-equilibrated with the binding buffer. The column was
washed ﬁrst with 20 column volumes of binding buffer and then
with 2 column volumes of washing buffer (50 mM Tris–HCl pH
8.0, 500 mM NaCl, 30 mM imidazole). The recombinant HpCAD
proteins were eluted with the elution buffer (50 mM Tris–HCl pH
8.0, 100 mM NaCl and 300 mM imidazole). The HpCAD eluted from
the nickel column was further puriﬁed by size-exclusion chroma-
tography using a Superdex 200 column (GE Healthcare, Piscataway,
New Jersey, USA) equilibrated with 20 mM Tris–HCl pH 8.0 and
150 mM NaCl. The fractions containing HpCAD were pooled,
exchanged into 20 mM Tris–HCl pH 8.0 and concentrated to a ﬁnal
concentration of 8.5 mg/ml by ultraﬁltration (Microcon YM-30,
Millipore Corporation, Bedford, Massachusetts, USA). The protein
concentration was determined by Bradford assay [18] using bovine
serum albumin (BSA) as a standard. The purity was monitored by
SDS-PAGE comparing with the theoretical molecular weight of the
tagged monomer 45 kDa.
2.2. Site-directed mutagenesis
The Arg208 of the HpCAD was mutated to Ala by site-directed
mutagenesis using a Stratagene site-directed mutagenesis kit
(Agilten technologies, Inc., Santa Clare, CA, USA) following the
manufacturer’s protocol. The primers for mutagenesis were
designed for use with the expression vector plasmid: Forward:50-TTT GTG TTC GTT TGC TGC AAA AAC GCT-30; reverse: 50-AGC
GTT TTT GCA GCA AAC GAA CAC AAA-30. Plasmids harboring the
mutation R208A was transformed into an E. coli strain Rosse-
ta™(DE3)pLysS (Novagen) for protein expression. The mutant
HpCAD (HpCADR208A) was expressed and puriﬁed in the same
way as the wild type HpCAD.
2.3. Crystallization and data collection and processing
Crystallization of HpCAD was attempted using Crystal Screens I,
II and Index Screens (Hampton Research, Riverside California, USA)
and Wizard Screens I, II and Cryo I, II (Emerald BioStructures, Bain-
bridge Island, Washington, USA) and our own laboratory screen
solutions. Crystallization trials were setup at 18 C using the
microbatch method under Al’s oil, an 1:1 mixture of parafﬁn oil
(Hampton Research) and silicone oil (Fluka, Milwaukee, WI, USA),
in 72-well plates. For crystallization trials, equal volumes of pro-
tein solution (8.5 mg/ml) and reservoir solution were mixed and
equilibrated under the oil. Small crystals were produced with In-
dex screening solution No. 83 (0.1 M Bis–Tris pH 6.5, 0.2 M MgCl2
25% Polyethylene glycol 3350) using the proteins in 20 mM Tris–
HCl pH 8.0. Further screenings to ﬁnd optimal crystallization con-
ditions were performed by hanging drop vapor-diffusion method,
varying the salt, precipitant concentration and the volume of the
drop. The best crystals were grown in 0.1 M Bis–Tris pH 6.5,
0.2 M MgCl2 and 19% polyethylene glycol 3350 at 18 C using
8.5 mg/ml HpCAD in 20 mM Tris–HCl pH 8.0.
For X-ray analysis, crystals were transferred into a cryosolution
containing the well solution supplemented with 21% glycerol and
soaked for 30 min at room temperature. Then, the crystals were
ﬂash-frozen in liquid nitrogen. X-ray diffraction data were col-
lected from a single crystal using an ADSC Quantum 210 CCD
detector at the beamline 6C1 of Pohang Accelerator Laboratory, Po-
hang, Korea. Hundred and eighty rotation images were collected
with an oscillation angle of 1 and an exposure time 30 s for each
image at 200.0 mm detector distance. All diffraction data were in-
dexed, integrated and scaled using the HKL2000 program suite
[19]. The Matthews coefﬁcient and solvent content were calculated
using CCP4 [20].
2.4. Structure determination and reﬁnement
The structure of HpCAD was determined by molecular replace-
ment using the program AMoRe in CCP4 program suite [20] with
the sinapyl alcohol dehydrogenase from Populus tremuloide (Aspen)
(PDB ID: 1YQD) as a search model. The structure was reﬁned by
several rounds of reﬁnement using the program CNS [21] and REF-
MAC5.0 [20] and manual building with the graphic program O [22]
and COOT [23]. In the initial stage, reﬁnement was carried out by
positional and B group reﬁnement with strong NCS restraints and
in the ﬁnal stage of the reﬁnement by positional and individual B
faction reﬁnement with no NCS restraints. Ions, NADP(H) and
water molecules were added into the electron density maps
(2Fo-Fc and Fo-Fc) at the ﬁnal round. Waters were placed using
the automatic water picking function of by CNS [21], and waters
were accepted or rejected by visual inspection of difference elec-
tron density maps by COOT [23]. The quality of the ﬁnal model
was validated by PROCHECK [20].
2.5. Docking calculations for substrates
Docking calculations were performed using the program AUTO-
DOCK 4.2 [24]. The monomer model of the crystal structure of
HpCAD was used for docking experiments. The model of substrates
was generated by Dundee PRODRG2 Sever [25]. Hydrogen’s were
Table 1
Data and reﬁnement statistics.
Data statistics
Space group P212121
Unit-cell parameters (Å) a = 85.41, b = 85.68, c = 100.49
Wavelength (Å) 1.1000
Resolution (Å) 50  2.18 (2.22  2.18)a
No. of reﬂections 39022 (1899)
Completeness (%) 100 (99.7)
Rmerge (%)b 13.6 (45.6)
Redundancy 14.3 (12.9)
I/rI 9.5 (8.2)
Solvent content (%) 43.17
Reﬁnement
Resolution (Å) 43.3  2.18 (2.24  2.18)
No. of reﬂections 37013 (1901)
Reﬂections used for reﬁnement 35064
Rwork
c/Rfreed 17.3/22.6
No. of atoms in protein 5437
No. of Zn ion 4
No. of NADP 2
No. of Water 48
Average B-factors (Å2)
Protein 25.4
Ion 54.6
NADP 22.5
Water 24.6
Overall 31.6
R.m.s. deviations
Bond lengths (Å) 0.022
Bond angles () 1.894
Ramachandran plot
Residues in most favorable region (%) 95.22
Residues in most allowed region (%) 4.2
Residues in outliners (%) 0.58
PDB code 3TWO
a Values in parentheses correspond to the highest resolution shells.
b Rmerge = Rhkl Ri|Ii(hkl)  <I(hkl)>|/Rhkl Ri Ii(hkl) where <I(hkl)> is the average
intensity of the i-th observations.
c Rwork =Rhkl ||Fobs(hkl)|  |Fcalc(hkl)||/Rhkl |Fobs(hkl)|. Rwork is calculated with 95%
of reﬂections used for structure reﬁnement.
d Rfree is calculated for the remaining 5% of reﬂections randomly selected and
excluded from reﬁnement.
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DOCK program. The AUTODOCKTOOLS program was also used to
generate the docking input ﬁles using the implemented empirical
free energy function and the Lamarckian genetic algorithm. The
grid maps for docking simulations were generated with 60 grid
points (with 0.375 Å spacing) in the x, y, and z direction centered
on the C4 of the nicotinamide of the NADP(H) in active site of
the substrate binding domain using the AutoGrid program. The
parameters are as follows: trials of 100 dockings, population size
of 150, random starting position and conformation, translation
step range of 2.0 Å, rotation step range of 50 degrees, maximum
number of generations of 27000, elitism of 1, crossover rate of
80%, local search rate of 6%, 1.0 million energy evaluations. Docking
results were sorted by the lowest binding energy of the most pop-
ulated cluster in cases of convergence. Substrates docked with the
lowest energies were chosen for analysis.
2.6. Enzyme activity assay
We performed the activity assay following the method de-
scribed by the Windle group [14]. The puriﬁed wild type and
R208A mutant enzymes (10 mg/ml) were assayed for the oxidation
of aldehyde. The 1 ml reaction mixture contained 0.5 lg enzyme,
8 mM acetaldehyde and varying concentrations of NADP+ from
20 to 400 lM in 75 mM sodium phosphate pH 7.5. After incubation
at 37 C for 1 h, reduction of the NADP+ was determined spectro-
photometrically at 340 nm using UV–Vis spectrophotometer (UV
mini-1240, SHIMADZU CORP., Kyoto, Japan). Every assay was
accompanied by a blank reaction without NADP+. The kinetic
parameters were deduced from data analysis using GraphPad
prism (GraphPad Software, Inc., San Diego, CA).
3. Result and discussion
3.1. Overall structure of HpCAD
The crystal structure of HpCAD has been determined by molec-
ular replacement, using the sinapyl alcohol dehydrogenase from
Aspen (PDB code 1YQD) as a search model [16] and reﬁned at
2.18 Å resolution. The crystal of HpCAD contains two monomers
in the asymmetric unit forming a dimer with the Matthews coefﬁ-
cient (Vm = 2.16 Å3 Da2) [26]. Although NADP(H) and zinc ions
were not included in the buffers used for puriﬁcation and crystal-
lization, densities for NADP(H) and zinc ions were found in Fo-Fc,
2Fo-Fc maps with r > 3 in which one NADP(H) and two zinc ions
per molecule were modeled. The two monomers were almost
identical with an r.m.s.d of 0.234 Å when superposed. The crystal-
lographic data and reﬁnement statistics are summarized in Table 1.
The overall folding of HpCAD is similar to other Zn2+-dependent
ADH structures, composed in two domains, classic Rossmann fold
for the nucleotide binding domain (residues Cys160 to Ile293)
[27] with a conserved G(X)XGGXG sequence motif in the loop of
between b12 and a5 and a substrate binding domain (residues
Met1 to Leu159 and Gly294 to Phe347). Nucleotide binding
domain is composed of six parallel beta strands ﬂanked by a layer
on both sides and the substrate binding domain consists of six
antiparallel and two parallel beta strands. The active site is deﬁned
as a deep cleft between the domains with the cofactor NADP(H)
and catalytic zinc ion bound at it. The dimer interface of the HpCAD
is formed by the interactions between the two beta sheets (b12A
and b12B, b13A and b13B) of the nucleotide binding domain on
each monomer and is connected by an antiparallel arrangement
(Fig. 1A).
A Dali server search for structural similarities indicated that the
chain topology of HpCAD matches the most closely other Zn2+-dependent ADH structures such as Aspen SAD (PDB code 1YQD),
E. coli ADH-like protein yahK (1UUF), Arabidopsis CAD5 (2CF6), S.
cerevisiae Adh6p (1PIW) and Pseudomonas aeruginosa ADH (1LLU)
with Z scores greater than 29 and r.m.s.d of 1.4, 1.9, 2.1, 2.2 and
1.8 Å, respectively. When compared with other Zn2+-dependent
ADH structures, the substrate binding and two zinc binding sites
of the HpCAD structure are well conserved but large structural dif-
ferences are found in the nucleotide binding domain around
NADP(H) 20phosphate binding site and loops around substrate bind-
ing site (Fig. 1B). These structural differences around the NADPH
binding site are found in HpCAD from Phe206 to Glu210 (AsSAD:
Val212–Pro217, AtCAD5: Val209–Lys215) and from Thr226 to
Glu234 (residues Val234–Thr247 of AsSAD and Leu245–Cys313 of
AtCAD5), whichmoved closer about 3 Å toward the NADPH binding
site (Fig. 1B). Additionally, the loops around the substrate binding
site shifted away from the active site region by 14 Å.
3.2. NADP(H) binding site and its binding mode
The cofactor NADP(H) bound within the active site has been
well deﬁned in electron density in both molecules (Fig. 2A). It is
bound through hydrophobic interactions within the well-con-
served GXGGXG motif from Gly184 to Gly189 as seen other CAD
structures and the adenine ring is the syn-conformation and is
sandwiched between the guanidino group of Arg208 and Thr244
side chain (Fig. 2A and B). The NADP(H) binding in the HpCAD
Fig. 1. (A) Ribbon representation of the HpCAD homodimer. The monomers are colored in green and cyan with one NADP(H) in yellow and structural and catalytic Zn2+ ions
represented as red spheres. b-strand and a-helices are labeled in numberal order from the N terminus. (B) Superposition of the HpCAD (magenta) with AsSAD (cyan; PDB ID
1YQD) and AtCAD5 (orange; PDB ID 2CF6). The regions with large structural differences around the NADP(H) binding site are shown in a black box with residue ranges. The
movement of the loops is marked in black arrows.
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gely by the nearby residue Arg208 that does not exist in other
ADHs (Thr215 in AsSAD and Ser212 in AtCAD5) while the nicotin-
amide and D-ribose of the NADP(H) are well superposed with those
in other ADH structures (Fig. 2B). In the plant CADs, 20phosphate
group of the dinucleotide is bound through hydrogen bond interac-
tions with side chains of Ser214, Thr215, Ser216, Lys219 and
Asn343 in AsSAD and those of Ser211, Ser212 and Ser213 in
AtCAD5, respectively and it is pointing downward to these resi-
dues. However, in HpCAD, these interactions are lost and replaced
due to amino acid changes to Ala207 and Arg208 together with the
movement of this loop up to the NADPH binding site (Figs. 1B and
2B). In HpCAD, 20phosphate group of the dinucleotide is stabilized
mainly by the guanidino group of Arg208 through hydrogen bond
and charge-charge interactions with 20OH of pyrophosphate group
of NADP(H). Due to the long side chain of the Arg208 and hydro-
phobic side chain of the Ala207, the 20phosphate of NADP(H) is
not able to position itself in the site as seen in the AsSAD and
AtCAD5 structures. Therefore, the 20phosphate of NADP(H) rotates
clockwise by about 45 around O9–C12 bond and moves about
4.33 Å up from the position found in other ADH structures in order
to avoid steric hindrances with the long side chain of Arg208(Fig. 2B). At this position, the guanidino group of Arg208 has
hydrogen bond interactions with 2OH and 3OH of 20phosphates
and acts to stabilize the 20phosphate group. In other ADH struc-
tures, hydrogen bond networks are formed between 20phophate
group of NADP+ and side-chains of surrounding residues of Ser,
Thr, Asp, Lys and Asn. However, in HpCAD, these hydrogen bond
interactions with NADP(H) are replaced and mediated by water
molecules positioned around the NADP(H) and by the Arg208.
To investigate the conformations of NADP(H) bound to the
enzymes, we have compared NADP(H) molecules in the structures
of ADH (PDB ID: 1HQT, 1ZK4, 2NVB, 3CV7, 1C9W, 3FX4, 3H4G,
1PIW), CAD (PDB ID: 2CF6) and SAD (PDB ID: 1YQD) in the PDB.
When the NADP(H) molecules in ADH, CAD and SAD were super-
posed into that in the HpCAD, conformations of the bound
NADP(H) fall into two groups (Fig. 2C). The NADP(H) molecules
in ADH are overlapped well and form one group and those in
CAD and SAD form another group. In S. cerevisiae Adh6p (PDB ID
1PIW), an Arg211 is found at the Arg208 position in HpCAD in
the sequence alignment. However, the 20phosphate of NADP in
the Adh6p is pointing downward as seen in other ADH structures
because the main chain from Ser210 to Ser213 including the resi-
due Arg211 in the Adh6p structure positions lower 3.3 Å than
Fig. 2. (A) Electron density of NADP(H) in stereoview. The gray mesh represents the Fo-Fc omit map calculated without NADP(H) contoured in 1.0r. The NADP(H) molecule is
shown in stick (oxygen in red, carbon in green, nitrogen in blue and phosphate in orange). (B) Stereoview of the 20phosphate group of the bound NADP(H). The side chains of
surrounding residues are shown in stick (oxygen in red, carbon in green for HpCAD). NADP(H) represented in stick in HpCAD (carbon in green, oxygen in red, nitrogen in blue
and phosphate in orange), in AsSAD (magenta) and in AtCAD5 (cyan). The movement of the 20phosphate of the NADP(H) bound in HpCAD from the position in AtCAD5 is
marked with an red arrow showing 45 rotation in clock-wise around the O9–C12 bond. Hydrogen bonds are shown as dashed lines with distances. (C) Superposition of
NADP(H) molecules bound in ADH, SAD and CAD. NADP(H) molecules in the structures of ADH (PDB ID: 1HQT, 1ZK4, 2NVB, 3CV7, 1C9W, 3FX4, 3H4G, 1PIW), Arabidopsis
CAD5 (2CF6) and Aspen SAD (1YQD) in the PDB were superposed into the NADP(H) in HpCAD using CCP4 [20]. NADP molecules in ADH are in yellow lines and those in SAD
and CAD5 in black lines. The NADP(H) in HpCAD is shown in magenta.
Fig. 3. Enzyme activity assay of wild (circle) and R208A (triangle) protein at various
concentration of NADP+.
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ring in the HpCAD does not belong to either of the groups position-
ing between the phosphate groups of the ADH, CAD and SAD,
which shows that the NADP(H) in the HpCAD has a unique confor-
mation among ADH, CAD and SAD (Fig. 2C).
In addition to the presence of Arg208, the loops around the
NADP(H) binding site (residues Ile242–Asp247, Phe206–Glu210
and Val264–Val274) positioned closer 3 Å toward the NADP(H)
adenine ring in HpCAD (Fig. 1B). As a result, the cleft for the
NADP(H) adenine ring binding has a narrower opening with a
11.34 Å width because of the large side chain of the Arg208 and
the loop movements than that of other Zn2+-dependent ADH com-
plex structures (12.46 Å for AtCAD5; 12.08 Å for AsSAD; 12.90 Å for
E. coli yahK; 12.60 Å for S. cerevisiae Adh6p). Furthermore, among
the Zn2+-dependent ADH complex binary structures, HpCAD shows
the largest buried solvent accessible surface area upon binding
(SASA) for NADP(H) (HpCAD: 417.1 Å2; AsCAD5: 410.2 Å2; AsSAD:
325.3 Å2), suggesting that the HpCAD would exhibit the strongest
binding afﬁnity among them.
To see the effects of the Arg208 in NADP(H) binding in vitro, the
wild type and R208A mutant enzymes were assayed for the
reduction of acetaldehyde. The mutant showed less activity with
Km = 0.068 ± 0.0063 mM and Vmax = 33.36 ± 2.63 lmol/min/mg
than the wild type with Km = 0.08 ± 0.0085 mM and Vmax =
44.39 ± 2.44 lmol/min/mg (Fig. 3), which indicates that Arg208
effects the NADP(H) binding and the activity of the enzyme. These
results suggest that the Arg208 residue in the HpCAD would be an
important residue that determines cofactor binding afﬁnity and dis-
tinguishes the HpCAD from other similar ADHs in NADP(H) binding.3.3. Modeling of substrate binding in the active site
To study the structural basis of substrate binding in HpCAD and
its catalytic mechanism, we carried out docking calculations by
using the program Autodock4.2 [24] to determine the most
favorable substrate orientation in the HpCAD active site. HpCAD
carries a speciﬁc activity of dismutating benzaldehyde [14]. Three
Aromatic substrates, cinnamaldehyde and coniferylaldehyde that
had been tested against the plant SAD [16] and benzaldehyde, were
Fig. 4. Substrate binding modes in the HpCAD obtained from docking with
benzaldehyde, cinnamaldehyde and coniferylaldehyde. The HpCAD is shown in
green and the substrates are shown in stick: benzaldehyde (oxygen in red and
carbon in purple), cinnamaldehyde (oxygen in red, carbon in orange and nitrogen in
blue) and coniferylaldehyde (oxygen in red, carbon in cyan and nitrogen in blue).
Trp116 (yellow) in AtCAD5 and Leu112 (gray) in AsSAD were modeled to show
stacking of the substrates. The interactions between substrate aldehydic tail and
Ser44 and C4-carbonyl of NADPH nicotinamide are represented by dashed lines
with distances.
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head group and different length of an aldehydic tail that is cata-
lyzed to corresponding alcohols. The lowest energies of the docked
substrates were 34.43 kcal/mol for benzaldehyde, 37.42 kcal/
mol for cinnamaldehyde and 37.43 for coniferylaldehyde.
The docking results showed that both cinnamaldehyde and
coniferylaldehyde were bound and ﬁt well into the substrate bind-
ing site interacting with the well conserved residues and the bind-
ing modes of cinnamaldehyde and coniferylaldehyde were very
similar to each other (Fig. 4). Both substrates were in contact with
side chains of Ser44, Ser48, His64, Cys90, Phe114, Tyr116 and
Ile293. The binding mode of benzaldehyde was similar to those
of cinnamaldehyde and coniferylaldehyde (Fig. 4). The oxygen at
the tail of benzaldehyde makes hydrogen bonds with the side
chain of His64. Interestingly, the aromatic ring of the substrate
head group was stacked between the aromatic side chains of
Tyr116 and Phe114 with a distance of 3.45 and 3.88 Å, respectively.
The oxygen atom at the end of the substrate aldehydic tail was
coordinated to the catalytic zinc ion and positioned around C4
and C5-carbonyl of NADPH nicotinamide, which was close enough
for direct proton transfer. From all the docking results, the aro-
matic head group of these substrates was shown to be commonly
stacked between the Tyr116 and Phe114. It seems that these two
residues ﬁx the head of the substrate and coordinate the long ali-
phatic tail to the well-conserved catalytic triad, Ser44, His47 and
Glu52. The hydroxyl group of Ser44 in the catalytic triad in Zn2+-
dependent ADH structures is likely to be involved in hydride trans-
fer from NADPH to the oxygen atom of the substrate to generate an
alcohol product [15].
The Tyr116 is highly conserved in Zn2+-dependent ADH com-
plex structures. But, the residue Phe114 is usually not conserved
and substituted by other aromatic or hydrophobic residues in other
ADH structures such as Trp119 in AtCAD5 and Leu112 in AsSAD
(Fig. 4). The presence of the well-conserved Tyr116 and the hydro-
phobic residues in the substrate binding site of AtCAD5 and AsSAD
suggests that the aromatic head of substrates would be stacked be-
tween these two residues with the tail of substrates coordinated
properly for alcohol production in similar substrate-binding modes
as seen in the docking calculations with the HpCAD.In summary, we present the ﬁrst crystal structure of a bacterial
CAD fromH. pylori in complex with NADP(H). Analysis of the struc-
ture of HpCAD and comparison with other Zn2+-dependent ADH
complex structures revealed a different binding conformation of
the 20phosphate group of the NADP(H) because of the presence of
the residue Arg208 in the NADP(H) binding site. We also showed
from docking analysis that two aromatic side chains of residue
Phe114 and Tyr116 in the HpCAD active site could bind aromatic
aldehydes by stacking the aromatic head of the substrates, which
implicates general substrate binding mode for catalysis in the
Zn2+-dependent ADHs. The knowledge of the three-dimensional
structure of the CAD from H. pylori and docking study may provide
clues to understand how the pathogen reduce the amount of alde-
hyde within the bacterium in relation to pathogenesis by H. pylori
derived aldehydes.
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